Abstract We previously isolated an analog to chlorophyll-related compounds, pheophytin a, from the marine brown alga Sargassum fulvellum and demonstrated that it is a neurodifferentiation compound. In the current study, we investigated the effects of the pheophytin a analog vitamin B 12 on PC12 cell differentiation. In the presence of a low level of nerve growth factor (10 ng ml -1 ), vitamin B 12 demonstrated neurite outgrowthpromoting activity in PC12 cells. The effect was dose-dependent in the range of 6-100 lM. In the absence of nerve growth factor, vitamin B 12 did not promote differentiation. To investigate the mechanism for this effect, we conducted differentiation assays and western blot analysis with signal transduction inhibitors and found that vitamin B 12 did not promote PC12 cell differentiation in the presence of K252a or U0126 inhibitors. These results suggest that vitamin B 12 stimulates PC12 cell differentiation through enhancement of the mitogen-activated protein kinase signal transduction pathway, which is also induced by nerve growth factor. Thus, vitamin B 12 may be a good candidate for treatment of neurodegenerative diseases such as Alzheimer's disease.
Introduction
Neurodegenerative disease is caused by changes in the central nervous system including loss of specific nerve cells and cellular accumulation of fibers (DiProspero et al. 2004; Iseri et al. 2006; Raynaud and Marcilhac 2006) . Neurodegenerative disease has been attributed to disordered metabolite control of proteins resulting from protein misfolding (Papassotiropoulos et al. 2006) . Protein misfolding is the primary cause of Alzheimer's disease (AD), Parkinson's disease, Huntington's disease, Creutzfeldt-Jakob disease, cystic fibrosis, Gaucher's disease, and many other degenerative and neurodegenerative disorders (Chaudhuri and Paul 2006; Papassotiropoulos et al. 2006) .
With regard to AD, cognitive impairment is one of important signs and the rate of onset of the disease increases with age (Law et al. 2001; Jicha et al. 2006) . AD neuropathology is characterized by extracellular deposition of b-amy-loid plaques and intracellular deposition of neurofibrillary tangles in the cerebral cortex; development of neurofibrillary tangles has been linked to hyperphosphorylation of tau protein (Kozikowski et al. 2006; Terry 2006) . In the nerve cells, b-amyloid neurotoxicity and microtubule destabilization due to tau hyperphosphorylation cause cell death (Chen et al. 2005; Maezawa et al. 2006) . The neuronal death and loss of synapses results in perturbation of memory, speech, logical thought, and ultimately death (Selkoe 2004) .
There is urgent need for new therapies for AD. Among the possible candidates for AD therapy, nerve growth factor (NGF) is significant. NGF elicits neuronal cell differentiation and promotes neuron survival (Greene 1978) . Discovery of a novel neurodifferentiation compound capable of promoting NGF activity, even at a low level might provide the basis for new treatment for neurodegenerative disease. With this pursuit in mind, we have screened a variety of natural compounds with the goal of identifying those capable of stimulating neurite outgrowth-promoting activity in PC12 cells.
Previously, we reported the isolation and characterization of two compounds, from the marine brown alga, Sargassum macrocarpum that promote neurite outgrowth in PC12 cells; sargaquinoic acid and sargachromenol (Tsang et al. 2001; Kamei and Tsang 2003; Tsang and Kamei 2004; Tsang et al. 2005) . Both compounds stimulate mitogen-activated protein kinase (MAPK) and protein kinase A (PKA) signal transduction pathways in PC12 cells. Furthermore, we previously showed that two analogs of sargaquinoic acid, vitamin K 1 and vitamin K 2 , stimulate the differentiation of PC12D cells (Tsang and Kamei 2002) . We also identified pheophytin a, a chlorophyll-related compound from the marine brown alga Sargassum fulvellum that has the neurite outgrowth-promoting activity similar to that of sargaquinoic acid (Ina et al. in press) .
In the present study, we sought to determine whether vitamin B 12 , an analog of pheophytin a, has neurite outgrowth-promoting activity. Here we describe this compound's neurite outgrowthpromoting activity and signal transduction pathway activation in PC12 cells.
Materials and methods

Materials
Dulbecco's modified Eagle's medium (DMEM, low glucose) and horse serum (HS) were purchased from Gibco RBL (Rockville, MD). Fetal bovine serum (FBS) was purchased from Biosource (Rockville, MD). Mouse NGF 2.5S (male mouse submaxillary glands, 2.5S NGF), K252a, and okadaic acid were purchased from Alomone Labs (Jerusalem, Israel). Anti-active MAPK family sampler antibody was purchased from Promega (Madison, WI), and U0126 was purchased from Calbiochem (San Diego, CA). All other chemicals were purchased from SigmaAldrich (St. Louis, MO).
Cell differentiation assay PC12 cells were maintained in DMEM supplemented with 10% HS, 10% FBS, 100 U ml -1 penicillin G, 200 lg ml -1 streptomycin, and 25 lg ml -1 ampicillin in a water-saturated atmosphere of 5% CO 2 and incubated at 37°C. A 48-well plate was coated with poly-D-lysine (10 lg ml -1 ). For the bioassay of neurite outgrowth-promoting activity, PC12 cells were seeded at a density of 5 · 10 3 cells per well in plates containing complete medium and incubated for 24 h. The medium was then changed to DMEM supplemented with 1% HS, 1% FBS, 100 U ml -1 penicillin G, 200 lg ml -1 streptomycin, and 25 lg ml -1 ampicillin containing NGF and cyanocobalamin (vitamin B 12 ). Vitamin B 12 was dissolved in sterile water and sterilized by filter sterilization. Vitamin B 12 samples (0.2-100 lM) in less than 1.6% v/v of test medium were added to the wells. After 48-h incubation, differentiated cells with neurites longer than twice the cell body diameter were identified under a microscope (200· magnification). The neurite outgrowth-promoting activity was calculated by dividing differentiated cell numbers by total cell numbers in a field of vision.
To investigate the mechanism for the effects of vitamin B 12 on PC12 cell differentiation, additional assays were performed with the addition of protein kinase inhibitors. PC12 cells were seeded in 48-well plates and incubated for 24 h.
The medium was replaced with the test medium containing a protein kinase inhibitor (K252a or U0126), and cells were incubated for 1 h. U0126 and K252a were dissolved in DMSO and DMEM, respectively, before being added to the medium. Each inhibitor was further diluted with DMEM to the working concentration, and an aliquot of the working concentration was added to the cell cultures in less than 1.6% v/v of medium. NGF and vitamin B 12 were added to the medium and incubated for 48 h. Differentiated cells were then counted as described above.
Western blot analysis PC12 cells were plated at a density of 1 · 10 6 cells per 35-mm culture dish and cultured for 24 h. After incubation, the medium was replaced with DMEM and cells were cultured for 6 h. The DMEM was then replaced with the test medium contain NGF and/or vitamin B 12 . After incubation for 5 min, the cells were washed with icecold Tris-HCl buffer (pH 7.4) and lysed by addition of 300 ll lysis buffer (10 mM HEPES [pH 7.5], 1 mM EDTA, 10% sodium dodecyl sulfate [SDS] , 320 nM okadaic acid, 20 mM p-nitrophenyl phosphate, 10 nM calyculin A, 10 mM NaF, 1 mM sodium orthovanadate, 5 lM potassium bisperoxo(1,10-phenanthroline)oxovanadate(V), 1 mM p-aminophenyl methanesulfonyl fluoride, 10 lg ml -1 pepstatin A, 10 lg ml -1 antipain, 10 lg ml -1 leupeptin, 10 lg ml -1 chymostatin, and 10 lg ml -1 phosphoramidon) to the culture dishes. Cell lysates were sonicated at 30 W for 1 min (250/450 Sonifier, Branson Co., Danbury, CT), and the sonicated sample was centrifuged at 25,000 · g for 15 min. The sample proteins were separated by SDS-PAGE and transferred onto nitrocellulose membranes (Advantec) based on the method described by Li et al. (2002) .
Western blots were performed according to the Promega protocol. Actin and protein kinases from the MAPK family were detected using a chemiluminescence detection kit (Supersignal west pico chemiluminescent substrate, Pierce, Rockford, IL), their respective antibodies, and peroxidase-conjugated goat anti-rabbit IgG (whole molecule). Protein concentrations of the cell lysates were determined with the BCA protein assay kit (Pierce) using bovine serum albumin as the standard. The density of the band corresponding to MAPK was analyzed using a Gel-Pro analyzer (Media Cybernetics, MD). Data are expressed relative to the internal standard.
Statistical analysis of the data Each data point represents the mean ± standard deviation (n = 4). The Students t-test was used to evaluate the statistical significance of differences between treatments. P < 0.05 was considered to be statistically significant.
Results
Effect of vitamin B12 on PC12 cell differentiation and changes in PC12 cell morphology Vitamin B 12 exhibited neurite outgrowth-promoting activity in PC12 cells in the presence of only a low level of NGF (10 ng ml -1 ). The effect of vitamin B 12 on the differentiation of PC12 cells was dose-dependent at concentrations of 6-100 lM (Fig. 1A) . In the absence of NGF, vitamin B 12 did not stimulate PC12 cell differentiation. Even at the highest concentration tested, the neurite outgrowth-promoting activity of vitamin B 12 was less than that of the positive control (50 ng ml -1 ). Vitamin B 12 stimulated PC12 cell differentiation (Fig. 1B) . In the presence of 10 ng ml -1 NGF and vitamin B 12 (100 lM), neurite outgrowth was greater than with the negative control (Fig. 1C) but somewhat less than with the positive control, 50 ng ml -1 NGF (Fig. 1D) . However, treatment with vitamin B 12 alone did not induce the differentiation of PC12 cells (Fig. 1E) , suggesting that vitamin B 12 enhanced NGF activity in PC12 cells.
Inhibition of PC12 cell differentiation by protein kinase inhibitors
We used two protein kinase inhibitors, K252a and U0126, to investigate the mechanism for the effects of vitamin B 12 on neurite outgrowth of PC12 cells. The ATP analog K252a, a cell permeable inhibitor of calmodulin kinase and phosphorylase kinase, inhibited the neurite outgrowth of PC12 cells treated with vitamin B 12 (100 lM) and NGF (10 ng ml -1 ) (Fig. 2) . U0126 is a selective and strong MAPK kinase 1 and 2 (MEK1, MEK2) inhibitor. The neurite outgrowth of PC12 cells treated with vitamin B 12 were inhibited by U0126 (Fig. 2) .
Activation of extracellular signal-regulated kinase 1/2 by vitamin B 12
We performed western blotting for extracellular signal-regulated kinase (ERK) 1/2 and the MAPK family to detect activated ERK1/2 in PC12 cells treated with NGF or vitamin B 12 . K252a and U0126 inhibited the activation of ERK1/2. These results suggest that vitamin B 12 stimulates the differentiation of PC12 cells via the MAPK signaling pathway. In PC12 cells treated with NGF (10 ng ml -1 ), vitamin B 12 (100 lM) activated ERK within 5 min (Fig. 3A, lane 2) . However, it did not increase total ERK (Fig. 3B) . Moreover, vitamin B 12 did not stimulate other members of the MAPK family, p38 and c-Jun Nterminal kinase (Fig. 3C and D) .
Discussion
In this study, as part of a larger effort to identify new drug candidates for treating neurodegenerative disease, we investigated the ability of vitamin B 12 to stimulate neurodifferentiation. Vitamin B 12 stimulated the differentiation of PC12 cells in the presence of a low level of NGF. However, its neurite outgrowth-promoting activity was less than that of pheophytin a (Ina et al. in press ). Vitamin ), the positive control B 12 is known to be the antipernicious anaemia factor, required for human and animal metabolism (Krautler 2005) . In a recent study, it was reported that patients with AD are particularly prone to be vitamin B 12 deficiency (Kristensen et al. 1993) . Although vitamin B 12 has multiple biological activities, this is the first study to demonstrate its neurite outgrowth-promoting activity.
Vitamin B 12 alone did not stimulate the differentiation of PC12 cells but did so in the presence of a low level of NGF. Upon further investigation using protein kinase inhibitors, we found that vitamin B 12 stimulates PC12 differentiation in a manner that appears to involve the same signal transduction pathways activated by NGF. The protein kinase inhibitor K252a exerts neurotrophic effects on primary neurons and PC12 cells (Borasio 1990 ). K252a inhibited NGF-evoked signal transduction and blocked differentiation of PC12 cells via inhibition of tyrosine kinase activity. These results show that vitamin B 12 , like NGF, enhances Trk signal transduction. We then used the selective MEK inhibitor U1026 to further investigate the enhancement of MAPK activity by vitamin B 12 . U0126 inhibits the MEK/ERK signal pathway and the Ras oncogenic effects that are triggered by NGF, thereby blocking the production of inflammatory cytokines and matrix metalloproteinases (Favata et al. 1998; Lockman et al. 2004 ). U0126 has also been shown to inhibit both active and inactive MEK1 and MEK2 (Sharma et al. 2005) . We found that U0126 inhibited the differentiation of PC12 cells, blocked ERK, and the phosphorylation not to stimulate the neurite outgrowth of PC12 cells induced by NGF. Thus, the differentiation effects of vitamin B 12 in PC12 cells appear to be mediated by the ERK signal pathway. Furthermore, western blot analysis showed that treatment of PC12 cells with vitamin B 12 increases phosphorylated ERK1/2 without affecting the level of total ERK 1/2.
In general, compounds with neurite outgrowthpromoting activity may be useful in the treatment of neurodegenerative diseases such as AD. Previous studies have demonstrated the neurite outgrowth-promoting activity of natural compounds such as picrosides 1 and 2 (Li et al. 2002) , nardosinone , Cuscuta chinensis glycoside (Jian et al. 2003) , sargaquinoic acid, and sargachromenol (Tsang et al. 2001; Kamei and Tsang 2003; Tsang and Kamei 2004; Tsang et al. 2005) . Picrosides 1 and 2 and nardosinone enhance NGF-induced neurite outgrowth in PC12D cells, amplifying signaling upstream of MAPK kinase in the NGF receptor-mediated intracellular signal pathway (Li et al. 1999 (Li et al. , 2002 . Cuscuta chinensis glycoside increases activation of the MAPK signal pathway (Jian et al. 2003) . We reported that sargaquinoic acid and sargachromenol stimulate the TrkA-MAPK signal pathway and PKA signal pathway (Kamei and Tsang 2003; Tsang et al. 2005) . In addition, the present study shows that vitamin B 12 enhances the ERK signal transduction pathway and induces neurite outgrowth in PC12 cells. ERK 1 and 2 are important components of a signal transduction pathway influencing neurodifferentiation (Chang et al. 2003) . When NGF binds the Trk receptor, the signal is transferred to phosphorylate each kinase in the Ras/Raf/ MEK/ERK signal pathways (Szeberenyi and Erhardt 1994) . Therefore, the activation of ERK by vitamin B 12 is interesting to know the neurodifferentiation.
In conclusion, our results suggest that vitamin B 12 can stimulate neurodifferentiation and that, like NGF, it stimulates the MAPK signaling pathway via the activation of ERK. Therefore, vitamin B 12 may be a candidate compound for the development of new treatments for neurodegenerative diseases such as AD.
